Mitochondria are highly dynamic organelles that undergo continuous cycles of fission and fusion to maintain essential cellular functions. An imbalance between these two processes can result in many pathophysiological outcomes. Dengue virus (DENV) interacts with cellular organelles, including mitochondria, to successfully replicate in cells. This study used live-cell imaging and found an increase in mitochondrial length and respiration during DENV infection. The level of mitochondrial fission protein, Dynamin-related protein 1 (Drp1), was decreased on mitochondria during DENV infection, as well as Drp1 phosphorylated on serine 616, which is important for mitochondrial fission. Viral proteins NS4b and NS3 were also associated with subcellular fractions of mitochondria. Induction of fission through uncoupling of mitochondria or overexpression of Drp1 wild-type and Drp1 with a phosphomimetic mutation (S616D) significantly reduced viral replication. These results demonstrate that DENV infection causes an imbalance in mitochondrial dynamics by inhibiting Drp1-triggered mitochondrial fission, which promotes viral replication.
Introduction
DENV is a mosquito-borne human pathogen of global medical importance with an estimation of 390 million infections every year [1] [2] [3] . DENV causes an acute febrile illness that, in some patients, is associated with a life-threatening plasma leakage syndrome termed dengue hemorrhagic fever (DHF) [4] . The principal target cells for DENV infection are from the myeloid-derived lineage (monocytes, macrophages and dendritic cells), hepatocytes and endothelial cells [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Several studies indicate that higher viremia levels during DENV infection correlate with the severity of disease [16] [17] [18] [19] . DENV infection is also often associated with liver dysfunction as a result of direct viral effect on hepatocytes and dysregulated immune response against the virus [20] . Both viral and host factors seem to play a role in disease pathogenesis, but little is known about DENV-induced mechanisms that trigger modulation of organelles during viral infection [17, 21, 22] .
DENV is a member of the Flaviviridae family and its positive-sense single-stranded RNA genome of 10.7 kb encodes for 10 viral proteins. This limited coding capacity makes it fully reliant on the host machinery for its viral life cycle. Like many viruses, DENV needs to modulate host cell metabolism and organelles for its own replication, interfering with different cellular organelles [23] [24] [25] [26] .
Mitochondria are essential organelles involved in cellular energy production and sensing of metabolic homeostasis. They serve as an anti-viral signaling platform for MAVS signaling [27] and contribute to activation of apoptosis and cell death [28] [29] [30] . Recently, mitochondria were shown to release their DNA into the cytosol during stress to trigger a type I interferon response [31] . These processes indicate an important role of mitochondria in initiating responses against viruses.
Mitochondrial morphology depends on highly dynamic processes, fusion and fission [32] . Mitochondrial fission involves the oligomerization of Dynamin-related protein 1 (Drp1) around the outer mitochondrial membrane, constricting the mitochondrion to trigger its division [33, 34] . Localization of Drp1 is regulated by differential phosphorylation of serine residues at positions 616 and 637 (S616-P and S637-P, respectively). Phosphorylation at S637 is thought to retain Drp1 in the cytoplasm whereas phosphorylation at S616 induces Drp1 localization to the fission site on the mitochondrion [35] . The endoplasmic reticulum and actin polymerization play a role in Drp1-triggered mitochondrial fission by initiating constriction of mitochondria [36, 37] . On the other hand, mitofusin 1 (Mfn1) and Mfn2, together with optic atrophy protein 1 (Opa1) are the core components of the mitochondrial fusion machinery. Mitochondrial fission and fusion proteins are regulated by posttranslational modifications, including phosphorylation as described above for Drp1 [38] . The ability of mitochondria to undergo fission and fusion, and to move in the cells is critical for their function, as defects in mitochondrial dynamics are implicated in many neurodegenerative diseases [39] [40] [41] .
DENV infection has previously been reported to induce structural and functional changes in organelles in vitro, including mitochondria [42] [43] [44] [45] . DENV protease NS2b3 was shown to partially cleave Mfn1 and Mfn2 resulting in degradation of the proteins, which attenuated interferon responses and cell death [46] . A recent report was published while this manuscript was being prepared that showed that DENV NS4b induced mitochondrial elongation by inhibition of Drp1 activation and limited activation of the interferon response in a liver cell line [47] . Although these reports signify the importance of mitochondria and mitochondrial proteins during viral infection, the underlying mechanisms that link mitochondria and its proteins to DENV replication in target cell lines and primary cells has not been well studied.
Using live-cell imaging of DENV-infected cell cultures, we observed that DENV infection induces significant mitochondrial elongation. Mitochondria from DENV-infected cells displayed increased respiration, which can lead to an increase in ATP production, when compared to uninfected cells, and viral proteins such as NS4b were preferentially localized in subcellular fractions of mitochondria. Characterization of fusion and fission proteins revealed a decrease in Drp1 on mitochondria in the Huh7 cell line and in monocyte-derived dendritic cells (DCs). Drp1 decrease was correlated with a reduction of Drp1 phosphorylation on S616 in the Huh7 cell line. Conversely, induction of mitochondrial fission or overexpression of wild-type (WT) Drp1 and Drp1 S616D inhibited DENV replication. These results demonstrate that DENV infection causes an imbalance in mitochondrial dynamics by inhibiting Drp1-triggered mitochondrial fission, which promotes viral replication.
Results

DENV infection induces mitochondrial elongation and reduces mitochondrial motility
We recently described a reporter system for live-cell imaging of DENV-infected cells based on the pNS4b5-eGFP plasmid, which expresses a GFP fusion protein that translocates from the cytoplasm to the nucleus in infected cells [48] . To examine the structure of mitochondria in cells infected with DENV, we transfected cells with the pNS4b5-eGFP reporter and subsequently stained cells with MitoTracker Deep Red, a fluorescent stain that accumulates in active mitochondria. Uninfected liver cell lines (Huh7, Fig. 1A ; HepG2, Fig. S1A and Huh7.5, Fig. S1B ) and an epithelial cell line (Vero, Fig. 1B ) showed both fused and fragmented mitochondria. In contrast, DENV-infected cells showed mostly fused mitochondria at 48h post-infection in all cell lines. The mitochondrial network in DENVinfected cells was filamentous and interconnected. To confirm that the mitochondrial elongation was not due to transfection of the reporter, which contains the DENV protein NS4b, cells were transfected with pTagRFP-mito (Huh7.5 and Huh7 cells, Fig. S1D and S1E, respectively) and infected 24h later with DENV. At 48h post-infection, cells were stained for DENV antigen and analyzed by confocal microscopy. Similarly, we stained DENV-infected and uninfected cells with COX-IV antibody, a mitochondrial marker, and DENV antigen (HepG2 cells, Fig. S1C ). As observed previously, all cell lines infected with DENV showed elongated mitochondria at 48h post-infection compared to uninfected cells. Quantitative measurement of the change in mitochondrial lengths using a macro developed in ImageJ (NIH) showed that median lengths of mitochondria increased at 24h and became statistically significant by 48h post-infection when compared to uninfected cells (Fig. 1B) . Analysis of DENV-infected Huh7 cells by transmission electron microscopy, characterized by the presence of convoluted membranes (DENV, Fig. 1C and 1D ) and invaginated vesicles (DENV, Fig. 1D and 1E ) specifically induced by DENV as previously described [24] , also showed an increase of mitochondrial lengths when compared to uninfected cells ( Fig. 1C  and 1D ).
Defects in fusion and fission have been shown to reduce motility of mitochondria [49] . Therefore, we performed time-lapse imaging in Huh7 cells transfected with pTagRFP-mito and pNS4b5-eGFP and infected with DENV for 48h to evaluate the motility of mitochondria in cells during DENV infection, (Fig. S2 , Movie S1 and S2). Prior to imaging mitochondria movements in cells, DENV infected and uninfected cells were identified by localization of GFP to the nucleus or cytoplasmic GFP only, respectively (Fig. S2 ). We observed not only an increase in mitochondrial lengths but also a reduction of mitochondrial movements in DENV-infected cells (Movie S2) compared to uninfected cells (Movie S1), indicating that mitochondrial motility is reduced in DENV-infected cells.
DENV NS4b and NS3 proteins are enriched in the mitochondrial fraction
Recently, HCV proteins C and NS4b were found to be associated with mitochondria [50] [51] [52] . Therefore, to assess whether DENV proteins interact with mitochondria, we analyzed the presence of DENV proteins in isolated mitochondria by western blot. We found that NS4b and NS3 were enriched in the mitochondrial fraction of DENV-infected Huh7 cells and DCs ( Fig. 2A and 2B, respectively) . Immunofluorescence analysis in DENV-infected Huh7 cells revealed that NS4b did not colocalize with mitochondria, but instead NS4b staining was mostly found juxtaposed to mitochondria, in dot-like structures colocalizing with the endoplasmic reticulum (ER) marker Sec61β (Fig. 2C) . ER membranes have been reported to associate with mitochondria to form mitochondria-associated membranes (MAMs). To assess the presence of MAMs in the mitochondrial fractions, we analyzed the levels of FACL4, a MAM marker, by western blot. FACL4 was detected in the mitochondrial fractions of Huh7 cells and DCs ( Fig. 2A and 2B ), suggesting that DENV proteins interact with mitochondria through the MAMs. These results suggest that DENV may influence mitochondrial changes through viral protein interactions at the MAM-mitochondrial interface. We noticed the presence of additional bands of higher and lower molecular weight after FACL4 blotting. Whether they are a result of post-translational modifications or crossreaction of FACL4 antibody with other isoforms of FACL is not clear. We also observed a decrease of the highest density band of FACL4 in the mitochondrial fraction of DENVinfected cells, particularly Huh7, whereas it is increased in the total cell lysate and cytosolic fraction, suggesting a decrease of ER-mitochondria contacts in DENV-infected cells.
DENV-infected cells display increased mitochondrial respiration
To assess if changes in mitochondrial morphology during DENV infection affect the function of mitochondria, the oxygen consumption rate (OCR), a measure of cellular respiration, was measured in uninfected and DENV-infected cells (Fig. 3A) . Sequential addition of specific mitochondrial inhibitors to the cell culture medium was used to assess the function of each component of the respiratory chain (Fig. 3B) . Basal levels of OCR in DENV-infected cells were increased compared to uninfected cells. In turn, mitochondrial respiration was also increased in DENV-infected cells. The addition of oligomycin, which inhibits F0/F1 ATPase (complex V), demonstrated that the potential for ATP production was significantly higher in DENV-infected cells, as compared with uninfected cells, but proton leak was unchanged. DENV-infected cells displayed increased respiration compared to uninfected cells. There was no significant difference in coupling efficiency between DENVinfected and uninfected cells. Maximal respiration was comparable between uninfected and DENV-infected cells, and similar to basal respiration in DENV-infected cells, suggesting that DENV increased mitochondrial respiration to their maximum. Accordingly, spare respiratory capacity was decreased in DENV-infected cells. These results indicate that elongated mitochondria in DENV-infected cells are functional and display increased respiration similar to maximal, resulting in more energy production when compared to uninfected cells.
DENV infection decreases the level of Drp1 and Mfn2 on mitochondria
Mitochondrial fusion requires fusion of the inner membrane of mitochondria by Opa1 and the outer membrane by Mfn1 and Mfn2 [53, 54] . Similarly, overexpression of Opa1 or mitofusins promote mitochondrial elongation. To analyze whether mitochondrial elongation seen during DENV infection was due to an increase in fusion events, mitochondrial and cytosolic fractions were isolated from DENV-infected and uninfected cells and fusion protein levels were assessed by western blot. Mfn1 and Opa1 protein levels in mitochondrial fractions from Huh7 cells and DCs were similar between uninfected and DENV-infected cells ( Fig. 4A and 4B ). By contrast, the level of Mfn2 protein on mitochondria was decreased in DENV-infected cells compared to uninfected cells. Immunofluorescence analysis also showed a decrease in Mfn2 fluorescence of DENV-infected cells, and no change in Mfn1 (Fig. S3A and S3B ). These results indicate that elongated mitochondria are not due to an increase in fusion during DENV infection.
Mitochondrial elongation due to a defect in mitochondrial fission and decreased expression of Drp1 has previously been described [55, 56] . To investigate whether DENV-induced mitochondrial elongation was a result of impaired mitochondrial fission, we analyzed Drp1 and Drp1 S616-P protein levels from uninfected and DENV-infected Huh7 cells and DCs by western blot. The level of Drp1 in total cell lysates from DENV-infected Huh7 cells was decreased when compared to uninfected cells by western blot and confirmed in cells by immunofluorescence analysis (Fig. 4A and S4A) ; there was no change in Drp1 mRNA levels ( Fig. S5A) . We observed at higher magnification that the remaining Drp1 in DENV-infected Huh7 cells was less associated with mitochondria compared to uninfected cells (Fig. S5B ). In contrast, Drp1 was not decreased in total cell lysates in DENV-infected DCs when compared to uninfected cell lysates by western blot (Fig. 4B ).
Mitochondrial fractions from both DENV-infected Huh7 cells and DCs showed a significant decrease in Drp1 protein levels when compared to uninfected cells ( Fig. 4A and 4B) . Accordingly, the level of Drp1 S616-P was also markedly decreased in total cell lysate and in mitochondrial fraction of Huh7 cells (Fig. 4A ). Immunofluorescence analysis of DENVinfected Huh7 cells showed a significant decrease in Drp1 S616-P (Fig. S4B ). Drp1 S616-P also showed less colocalization with mitochondria in DENV-infected cells (Fig. S5C ). In DCs, Drp1 S616-P was poorly detected by western blot (unpublished data). Overall, these results suggest that DENV infection inhibits Drp1-triggered mitochondrial fission by decreasing the levels of Drp1. Also, DENV infection reduced Drp1 S616-P protein on mitochondria in a cell type-specific manner.
Induction of mitochondrial fission inhibits DENV replication
Several approaches were used to investigate the effect of mitochondrial fission on DENV replication. DENV-infected cells treated with a reversible mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP) [57] for 6h (from 24h to 30h post-infection) displayed short mitochondria and viral titers in culture supernatants were decreased compared to untreated cells ( Fig. 5A and 5B). Removal of CCCP from the media resulted in an increase in mitochondrial lengths and viral titers back to the level in untreated DENVinfected cell cultures, demonstrating a reversible effect on mitochondrial function rather than a toxic effect on cells. The intensity of DENV antigen staining also was significantly decreased in DENV-infected cells treated with CCCP and increased back to levels comparable to DENV-infected untreated cells when CCCP was removed (Fig 5B and S6) . These results suggest that mitochondrial fission reduces the production of DENV proteins and infectious viral particles.
Since CCCP decouples mitochondria and impairs ATP production, the impairment in viral production may be due to lower availability of energy in the cells. Therefore, we wanted to induce fission of mitochondria by knocking down the fusion proteins, Mfn1 and Mfn2 (Fig.  S7A ). siRNA knockdown of Mfn2 protein, but not Mfn1 protein, decreased the expression of DENV proteins NS3 and NS5 ( Fig. 5C and 5D ). Viral titers were reduced by at least 40% after 24h of infection when compared to controls and were on the threshold of statistical significance (p = 0.06 and 0.17, by paired t-test) (Fig. 5E ).
To further examine the effect of mitochondrial fission on DENV infection, we knocked down endogenous Drp1 with siRNAs targeting the 3′ untranslated region (3′UTR) of Drp1 and transfected cells with plasmids expressing WT, phosphomimetic, or phosphodefective mutants of human Drp1 [55] . Endogenous Drp1 was observed as a double band and bands of higher molecular weight represent Drp1 WT or mutant constructs. In cells expressing Drp1 K38A there is an additional unidentified, intermediate-sized band (Fig. S7B ). DENVinfected cells overexpressing WT Drp1 displayed a decrease in the levels of DENV NS3 and NS4b proteins by western blot analysis ( Fig. 6A and 6B) and a reduction in viral titers ( Fig.  6C ) when compared to DENV-infected cells transfected with a control vector. Drp1 S616-P was reported to trigger mitochondrial fission [35] whereas S637-P results in a reduction in mitochondrial fission [58] . The overexpression of phosphomimetic Drp1 S616D caused a significant decrease in NS3 and NS4b levels (Fig 6A and 6B) , as well as a decrease in virus production ( Fig. 6C ) when compared to the control, indicating that the 'fission active' form of Drp1 affects DENV protein expression and virus production. Overexpression of phosphodefective Drp1 S637A partially reduced virus titer, although the difference was not statistically significant. In contrast, the levels of DENV proteins and virus production were not affected by overexpression of phosphodefective Drp1 S616A or phosphomimetic Drp1 S637D, both of which are thought to be defective at inducing fission [55] . We further analyzed the effect of Drp1 GTPase activity on DENV infection by transfecting cells with a dominant negative form of Drp1 with defective GTPase activity (Drp1 K38A) [59] . Overexpression of Drp1 K38A increased levels of NS4b and NS3 proteins and viral titers when compared to cells expressing WT Drp1, indicating that GTPase activity of Drp1 is required for inhibition of DENV replication. Overall, our results indicate that inducing mitochondrial fission perturbs DENV production.
Discussion
Virus-induced mitochondrial changes
The use of live-cell imaging of DENV-infected cells showed significant increase in mitochondrial elongation over time when compared to uninfected cells due to an inhibition of mitochondrial fission. Mitochondria are dynamic organelles that constantly undergo cycles of fusion and fission [32] . Many mitochondrial and cellular functions rely on mitochondria dynamics, suggesting that altering mitochondria dynamics could serve as a viral strategy to interfere with cellular signaling pathways. Several studies have reported that mitochondria dynamics can be altered during infection with pathogens such as viruses, bacteria and parasites, leading to changes in mitochondrial morphology [60] [61] [62] [63] [64] . Drp1 has also previously been shown to be targeted by viruses [60, 65] . Our results, together with those from Chatel-Chaix et al, show that inhibition of fission during DENV infection is due to a reduction in Drp1 protein levels on mitochondria. DENV NS4b is reported to trigger mitochondrial elongation, which was also observed with other DENV serotypes and Zika virus [47] , and we also found a decrease of Drp S616-P after infection with two strains of Zika virus (unpublished data). In turn, overexpression of the 'fission active' form of Drp1 inhibits DENV titers and viral antigen suggesting that DENV-specific modulation of Drp1 promotes viral replication. Both liver cell line and DCs showed decrease of Drp1 (as well as Mfn2) on mitochondria during DENV infection. However, Drp1 S616-P was poorly detected in DCs compared to Huh7 cells by western blot. This result indicates that phosphorylation of S616 may be important in liver cells but not necessary in DCs. Phosphorylation state of other serines in Drp1 have been shown to regulate fission [35, 66] and these sites may be important for mitochondrial regulation in DCs. The advantage of using cellular fractionation in this study was the ability to define significant changes in the protein profile on mitochondrial fractions in both cell lines and DCs during DENV infection that, in some cases, would not have been identified using total cell lysates.
Drp1 is the master regulator of mitochondrial fission [55] . The current model suggests that ER encircles mitochondria at sites of fission, and ER-associated inverted formin 2 (INF2) then stimulates actin polymerization, providing the force required for partial constriction of the mitochondria, thereby facilitating the translocation of Drp1 to these pre-constriction contact sites in the outer mitochondrial membrane [36] . The ER is also the site of DENV replication and many DENV proteins remain embedded in the ER through their transmembrane domains [67] . Whether DENV prevents Drp1 binding to receptors on mitochondria or DENV affects formation of ER-mitochondria contacts to prevent Drp1-triggered mitochondrial fission remains to be evaluated.
We isolated mitochondrial fractions using magnetic beads coated with TOM22 antibody. Our results show that we not only pulled down mitochondria but also pulled down NS4b in DENV-infected mitochondrial fractions. Immunofluorescence did not reveal colocalization of mitochondria with NS4b but rather that they were in close proximity. Electron microscopy observations performed in our study indicate that DENV-induced convoluted membranes, which have previously been described as ER-derived membranes and contain non-structural proteins such as NS4b [68] , are in close contact with elongated mitochondria. These results suggest that mitochondrial isolation using magnetic beads were also able to pull down mitochondrial-associated membranes. The decrease of FACL4 in mitochondrial fractions of DENV-infected cells suggests that interactions between the ER and mitochondria are reduced, which may also impair Drp1 recruitment to mitochondria to induce fission. On the other hand, we observed higher levels of FACL4 in DENV-infected cell lysates, which may be associated with changes in lipid metabolism during infection. There also remains the possibility that viral proteins in the ER membrane or MAMs may be located in regions where mitochondrial division is initiated and inhibit Drp1 binding to mitochondria-ER contact sites.
Mitochondrial fusion proteins during DENV infection
Our data revealed a decrease of Mfn2 protein on the mitochondria during DENV infection, whereas the level of Mfn1 protein was not significantly affected. Both proteins are anchored to the outer mitochondrial membrane and can form homotypic or heterotypic interactions that are both functional for mitochondrial fusion. Several studies have reported redundancy between the two proteins for mitochondrial fusion function [53, 69, 70] . Therefore, the decrease of Mfn2 on the mitochondria during DENV infection could be compensated by Mfn1 during fusion. One group recently reported that Mfn2, as well as Mfn1 protein, was cleaved by NS2b3 protease in A549 cells during DENV infection [46] . Cleavage could contribute to the decrease in Mfn2 levels observed in our experiments. However, the cleavage reported in A549 cells affected only a small fraction of the total Mfn2 protein [46] , suggesting another mechanism is involved in the reduction of Mfn2. Mitochondrial fusion in A549 cells infected with DENV was reported to be Mfn1 mediated [46] . In contrast, our results in Huh7 cells and DCs show that mitochondrial elongation is due to inhibition of Drp1 and not due to Mfn1. The difference in findings from the previous study and our results may stem from the cell lines or cell types used for analysis. Uninfected A549 cells have been reported to display elongated mitochondria due to low expression levels of Drp1 [71, 72] .
Although knockdown of Mfn2 indicates that it plays a role in DENV replication, Mfn2 did not play a role in mitochondrial elongation during DENV infection. Mfn2 has been reported to tether the ER to mitochondria, facilitating the transfer of calcium between the two organelles [73] [74] [75] . HIV-1 Vpr protein triggers the ubiquitinylation and turnover of Mfn2 by the CUL4 E3 ligase, leading to reduced ER-mitochondria contacts [76] . In contrast, other studies reported an increase of ER-mitochondria contacts in Mfn2 depleted cells compared to wild-type cells [77, 78] . It is possible that decreased levels of Mfn2 during DENV infection perturb the interaction between the ER and mitochondria, which could also contribute to a decrease in Drp1 recruitment to mitochondria during DENV infection. Accordingly, the level of MAM marker FACL4 was decreased in the mitochondria fraction of DENV-infected cells.
Using live-cell imaging, we also noted a decrease in mitochondrial motility within cells infected with DENV. As described mainly in neurons, mitochondrial transport occurs along microtubules and relies on the activity of the Miro, Milton, and kinesin heavy chain motor complex [79, 80] . Miro depletion releases the mitochondria from the motor complex, preventing mitochondrial movement. Interestingly, Mfn2 also interacts with both Miro and Milton proteins and is essential for efficient mitochondrial mobility [81, 82] . Whether Mfn2 depletion is involved in reduction of mitochondrial motility during DENV infection remains to be determined.
Mitochondrial elongation and function
Previous reports have established that elongated mitochondria are associated with increased oxidative phosphorylation and ATP production [83] [84] [85] . An interconnected mitochondrial network induced during DENV infection may serve to optimize mitochondrial function, increasing bioenergetic capacity of the cell as a pro-survival response against stress. Our results indicate that DENV-infected cells increase mitochondrial respiration associated with ATP production with little to no change in proton leak or maximal respiration. These findings suggest that DENV-induced elongation of mitochondria enhances mitochondrial respiration and energy production, which is in contrast with previous observations indicating mitochondrial dysfunction and alterations in cellular ATP balance in DENV-infected HepG2 cells [42] . These differences may stem from cell-type specificity. Mitochondria hyperfusion has been described under conditions of stress such as starvation [84] or oxidative stress [86] . However, the induction of mitochondrial fragmentation with CCCP or overexpression of WT and S616-phosphorylated Drp1 reduce viral replication, suggesting that mitochondrial elongation is advantageous to DENV replication, and is not solely a consequence of metabolic stress. By contrast to DENV, HCV which is a strong inducer of oxidative stress [87] triggers mitochondrial fission via Drp1 overexpression [60] , indicating that metabolic stress during virus infection is not always associated with mitochondrial elongation. Interestingly, DENV modulates the unfolded protein response in a time-dependent manner, preventing apoptosis and prolonging viral life cycle [88] , as well as represses the formation of stress granules and processing (P) bodies [89] , suggesting that DENV handles host cell stress responses. Whether DENV protein(s) specifically induce(s) mitochondrial elongation is under investigation.
In summary, this report demonstrates DENV-induced mitochondrial elongation through inhibition of the fission protein, Drp1. The mechanism of Drp1 inhibition such as protein degradation and/or inhibition of kinases involved in Drp1 phosphorylation will need to be determined. Similarly, whether DENV proteins play a direct role in Drp1 regulation at the ER-mitochondrial interface remains to be investigated.
Materials and Methods
Cell culture and virus infection
Vero, Huh7.5 (obtained from American Type Culture Collection (ATCC)) and Huh7 (a generous gift from Dr. Kate Fitzgerald) cells were maintained in Dulbecco's modified minimal essential medium and HepG2 (ATCC) cells were maintained in Eagle's Minimum Essential Medium, supplemented with 10% heat-inactivated fetal bovine serum (SigmaAldrich), 1% penicillin-streptomycin (Sigma-Aldrich), 1% non-essential amino acids (Lonza) and 1% L-Glutamine solution (Sigma-Aldrich). All cells were incubated in a humidified chamber at 37°C and 5% CO 2 . DENV-2 strain 16681 was originally obtained from Walter Reed Army Institute of Research and passaged in C6/36 cells (ATCC). Virus titers were determined by immunostained plaque assay on Vero cells [48, 90] .
Antibodies and reagents
The following primary antibodies were used for immunofluorescence analysis or western blot: rabbit anti-Drp1 (ab180769, Abcam), anti-Drp1-P Ser616 (D9A1, Cell Signaling Technology), anti-Mfn1 (D6E2S, Cell Signaling Technology), anti-Mfn2 (D1E9, Cell Signaling Technology), anti-OPA1 (GTX48589, GeneTex), anti-TOMM20 (ab186734, Abcam), anti-beta-actin-HRP (ab20272, Abcam), anti-NS3 (GTX124252, GeneTex), antiNS4b (GTX103349, GeneTex), anti-COX-IV (3E11, Cell Signaling Technology) and mouse anti-Dengue Virus Type II (MAB8702, EMD Millipore). Secondary antibodies were purchased from Thermo Fisher Scientific: Pierce anti-rabbit poly-HRP, anti-rabbit conjugated with Alexa Fluor ® 647 or Alexa Fluor ® 488 and anti-mouse conjugated with Alexa Fluor ® 647. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP, Sigma-Aldrich) was resuspended in medium and incubated at the concentration and time indicated in the figure legend.
Generation of DCs
Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coat of healthy donors obtained from Oklahoma Blood Institute (Oklahoma City, OK) by density gradient centrifugation on Ficoll-Paque Premium (GE Healthcare). Monocytes were isolated from PBMCs by positive selection using CD14+ microbeads (Miltenyi Biotec). Monocytes were cultured in RPMI 1640 medium supplemented with 10% heat-inactivated FBS (SigmaAldrich), 1% penicillin-streptomycin (Sigma-Aldrich), 50 ng/mL human interleukin-4 (IL-4) and 160 ng/mL human granulocyte-macrophage colony-stimulating factor (GM-CSF) for 5 days to generate monocyte-derived dendritic cells (DCs). Fresh medium with cytokines was added at day 3, and cells were infected with DENV at day 5. DCs were screened by flow cytometric analysis (MACSQuant, Miltenyi Biotec) for expression of CD11c (VioBlue), CD14 (VioGreen), HLA-DR (FITC), CD3 (PE), CD19 (PE), CD86 (PE-Vio770), CD83 (APC), CD1a (APC-Vio770) (Miltenyi Biotec).
Cell fractionation
Total cell lysates were prepared by solubilizing cells in lysis buffer (Miltenyi Biotec) supplemented with a protease and phosphatase inhibitor cocktail that consists of 1% Halt protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific), 5 mM EDTA (Thermo Fisher Scientific), 1% phosphatase inhibitor cocktail 3 (Sigma-Aldrich), and 0.1% pepstatin A (Research Products International Corp.). The cytosolic fraction was obtained from supernatant of total cell lysate centrifuged at 13,000 g for 10 min, 4°C. Mitochondria were isolated from total cell lysates using the Mitochondria Isolation Kit (Miltenyi Biotec), according to manufacturer's instructions. Briefly, cells were lysed using the lysis buffer mentioned earlier and homogenized using a glass dounce tissue grinder (Sigma-Aldrich), with 250-300 strokes per sample, on ice. Anti-TOM22 magnetic beads were added to the cell lysates to label the mitochondria, followed by mitochondria isolation in the magnetic field of a MidiMACS separation unit. Isolated mitochondria were resuspended in RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH=8.0) supplemented with a protease and phosphatase inhibitor cocktail.
Barbier et al.
Page 10 Virology. Author manuscript; available in PMC 2018 January 01.
Author Manuscript Author Manuscript
Author Manuscript
Author Manuscript
Western Blot analysis Cells were lysed in RIPA buffer freshly supplemented with a protease and phosphatase cocktail. Lysates were incubated on ice for 30 min and centrifuged at 10,000 rpm for 10 min at 4°C. Supernatants were used as total cell lysates. Protein concentrations were determined using Pierce BCA Protein Assay kit (Thermo Fisher Scientific) following manufacturer's instructions and measured using an Envision plate reader (PerkinElmer). BOLT LDS Sample Buffer and Reducing Agent (Thermo Fisher Scientific) were added to cell lysates at a final concentration of 1x and samples were denatured at 70°C for 10 min. Proteins were separated on 4-12% or 8% BOLT Bis-Tris Plus gel (Thermo Fisher Scientific) and transferred onto nitrocellulose membranes using the Trans-Blot ® Turbo™ RTA Mini Nitrocellulose Transfer kit (Bio-Rad). Membranes were blocked in 5% skim milk for 1h at room temperature (rt) followed by incubation with the appropriate primary antibody overnight at 4°C. Membranes were washed and incubated with the appropriate secondary antibody diluted for 1h at rt. For β-actin analysis, membranes were stained for 1 h with anti-β-actin-HRP. Detection was performed using Amersham ECL Select Western Blotting Detection Reagent (GE Healthcare Life Sciences) following manufacturer's guidelines and images were captured with ChemiDoc™ XRS+ System (Bio-Rad). Detection and quantification of band intensities was performed using Image Lab 5.1 (Bio-Rad). Band intensities were normalized to loading control TOMM20 for mitochondrial fractions.
Plasmids, dsiRNA and transfections
The following plasmids were used in our study: pNS4b5-eGFP [48] , pTagRFP-mito (Evrogen), pAcGFP-Sec61β (gift from Tom Rapoport, Addgene plasmid #15108), pEYFPDrp1, pEYFP-Drp1 S616D, pEYFP-Drp1 S616A, pEYFP-Drp1 S637D, pEYFP-Drp1 S637A (Drp1 phosphomimetic and phosphodefective mutant plasmids were a gift from Dr. Luca Scorrano, University of Padua), pDrp1 K38A-CFP (gift from Dr. Gyorgy Hajnoczky, Thomas Jefferson University)). Transfection of cells with plasmids was performed using GeneJuice ® Transfection Reagent (EMD Millipore), according to the manufacturer's instructions.
Dicer substrate siRNAs (dsiRNAs) were purchased from Integrated DNA Technologies (IDT). Drp1, Mfn1 and Mfn2 dsiRNAs were designed with Custom RNAi Design Tool (IDT). Drp1 dsiRNA targets the 3′UTR region of human Drp1. DsiRNA sequences were as follows: Drp1 sense strand 5′-GCAGGAAUGCCUACAUUAAUUCCTA-3′ Drp1 antisense strand 5′-UAGGAAUUAAUGUAGGCAUUCCUGCUU-3′; Set (A) Mfn1 sense strand 5′-AGCGGAGACUUAGCAUAAUGGCAGA-3′ Mfn1 antisense strand 5′-UCUGCCAUUAUGCUAAGUCUCCGCUCC-3′; Set (B) Mfn1 sense strand 5′-AGAAUCCUAACAAUAGAGAUUGCTT-3′ Mfn1 antisense strand 5′-AAGCAAUCUCUAUUGUUAGGAUUCUUC-3′; Set (A) Mfn2 sense strand 5′-GCAUGGUACCAAGGAGUUAAGUUGA-3′ Mfn2 antisense strand 5′-UCAACUUAACUCCUUGGUACCAUGCUG-3′; Set (B) Mfn2 sense strand 5′-GGCUCAAGACUAUAAGCUGCGAATT-3′ Mfn2 antisense strand 5′-AAUUCGCAGCUUAUAGUCUUGAGCCAA-3′. A dsiRNA with no homology to any human gene was used as a negative control (DS NC1, IDT). Transfection of cells with Barbier et 
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Author Manuscript dsiRNAs was performed at 5 nM final concentration using RiboJuice™ siRNA Transfection Reagent (EMD Millipore), according to the manufacturer's instructions.
Immunofluorescence analysis
Cells were plated in 8-wells Nunc ® Lab-Tek ® II glass chamber slides (Sigma-Aldrich) and treated as indicated. Cells were fixed in 4% paraformaldehyde (Affymetrix) for 15 min at rt. Fixed cells were blocked and permeabilized in PBS with 0.1% Triton-X-100 and 10% normal goat serum (Cell Signaling Technology) for 30 min at rt. After blocking, cells were incubated with the appropriate primary antibody overnight at 4°C. Cells were washed and incubated with the appropriate secondary antibody for 1h 30min at rt. After washing, chambers were removed and slides mounted on coverslips with VectaShield (Vector Laboratories) mounting medium containing 6-diamino-2-phenylindole (DAPI) for detection of nuclei. Slides were analyzed on a LSM 800 confocal laser-scanning microscope (Zeiss) or Nikon C1si confocal microscope. Orthogonal projections were created from z-stacks, processed using median filter to reduce noise and improve image quality, and adjusted for brightness and contrast identically between each condition using ImageJ (NIH). The average mitochondrial lengths for cells within each condition were calculated using a macro developed in ImageJ (NIH). Briefly, the red channel image containing the MitoTracker Deep Red fluorescence was converted to 32 bit to keep image integrity and then to 16 bit and inverted. The image was further converted to black and white for analysis. The background was subtracted (rolling= 40 light) and Gaussian blur (sigma=0.90) was applied. The threshold was set (0, 235) and the image was converted to mask and then made binary. Skeletonization was applied to reduce pixel widths of captured mitochondria to a single pixel. Analyze particles was applied (size=0-infinity, circularity=0.00-1.00). The pixel lengths were determined for each particle captured from the image that corresponded to mitochondria. Statistical analysis was done on the average mitochondrial lengths of each cell using hierarchical linear regression models to adjust for the lack of independence of mitochondria within cells. Statistical analyses were performed utilizing JMP version 8 software (SAS institute).
Live cell imaging
Cells were plated in 8-wells Nunc™ Lab-Tek™ chambered coverglass (Thermo Fisher Scientific) and treated as indicated. Mitochondria were visualized in cells transfected with pTagRFP-mito (Evrogen) or after incubation with 200 nM MitoTracker ® Deep Red FM (Thermo Fisher Scientific) for 15 min at 37°C. Nuclei were visualized using NucBlue ® Live ReadyProbes ® Reagent (Thermo Fisher Scientific) following manufacturer's instructions. Images and time-lapse videos were captured on EVOS fluorescence microscope (Thermo Fisher Scientific) with 100× oil immersion objective. For time-lapse imaging, images were collected every 10 sec for 4 min and then processed identically between each condition to adjust brightness and contrast using ImageJ software (NIH).
Transmission Electron Microscopy
Huh7 cells were cultured on Permanox Lab-Tek chamber slides, fixed with 1.25% glutaraldehyde in 0.15M sodium cacodylate buffer at 4°C. Following fixation, cells were buffer rinsed and post-fixed in 1% osmium tetroxide. After distilled water rinses, samples were stained en bloc with 1% aqueous uranyl acetate for 30 min in the dark. Slides were rinsed and dehydrated through a graded ethanol series. Media chambers and gaskets were removed. Slides were covered with Epox 812 resin and placed over resin filled slideduplicating molds and polymerized overnight at 60°C. The resin was separated from the slide, and cultures were examined by light microscopy to select regions of interest. Selected areas were cut out and mounted on blocks for sectioning. Ultra-thin sections (50nm) were prepared using a Reichert Ultracut S microtome (Leica Biosystems), retrieved onto 300 mesh copper grids, and contrasted with uranyl acetate and lead citrate stains. Sections were examined at 80 kV using a CM-10 electron microscope (FEI). Images were collected with a model 785 Erlangshen ES1000W CCD camera (Gatan).
qRT-PCR analysis
Total RNA extracted from cell pellets using the RNeasy Mini Kit (Qiagen) and the QIAcube. cDNA was synthetized from 250 ng of RNA with the RT 2 First Strand Kit (Qiagen). Standard quantitative RT-PCR was performed with the RT 2 SYBR ® Green qPCR Mastermix (Qiagen) on a Bio-Rad CFX machine, and gene expression was normalized to the beta-actin expression level. Primer sets were designed using Primer-BLAST (NCBI) and purchased from Integrated DNA Technologies (IDT). Primer sequences were as follows: forward primer Drp1: 5′-CACCCGGAGACCTCTCATTC-3′, reverse primer Drp1: 5′-TTTACCCCATTCTTCTGCTTCCA-3′; forward primer beta-actin 5′-AGAGCTACGAGCTGCCTGAC-3′, reverse primer beta-actin 5′-AGTTTCGTGGATGCCACAGG-3′.
Mitochondrial function profile
Oxygen consumption rate (OCR), an indicator of mitochondrial respiration, was measured using a Seahorse Bioscience XF24 extracellular flux analyzer (Seahorse Bioscience). Huh7 cells were seeded in a XF24 microplate using complete growth medium and infected 1 day later with DENV (MOI 1) for 48h. The day before the assay, the cartridge sensor was hydrated overnight with 1mL Seahorse Bioscience XF24 Calibration Buffer at 37°C without CO 2 . On the day of the assay, the growth medium was replaced with XF24 Base Assay medium and cells were incubated at 37°C in a non-CO 2 incubator for 1h. OCR values were monitored under basal condition and measured after sequential injection of oligomycin (1 μM), FCCP (1 μM), and antimycin A/rotenone (0.5 μM) using XF Cell Mito Stress kit (Seahorse Bioscience). Mitochondrial function parameters were analyzed according to Seahorse Bioscience instructions.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
• Mitochondrial length and respiration are increased during DENV infection.
• DENV inhibits Drp1-triggered mitochondrial fission.
• DENV titers are reduced by mitochondrial fragmentation, Drp1 WT and S616D expression.
• Viral proteins NS4b and NS3 are associated with subcellular fractions of mitochondria.
Barbier et al. Page 19 Virology. Author manuscript; available in PMC 2018 January 01. After 48h of infection, cells were fractionated to separate cytosolic and mitochondrial fractions, and compared to total cell lysates. TOMM20 was used as a loading and purity control for mitochondrial fraction. FACL4 antibody served as a marker for MAMs. β-actin antibody was used as a loading control. Western blots are representative of three independent experiments. C. Immunofluorescence analysis of NS4b protein localization in uninfected and DENV-infected Huh7 cells after 48h (MOI of 1). Cells were transfected with pTagRFPmito and pAcGFP-Sec61β. Images were taken with confocal LSM800 at ×63×1.5 magnification. ) were harvested at 48h post-infection (pi) and total, cytosolic and mitochondrial fractions were analyzed by western blot for Mfn1, Mfn2, Opa1, Drp1 and Drp1 S616-P protein levels. NS4b antibody served as a control for DENV infection. TOMM20 antibody was used as a loading and purity control for mitochondrial fraction. β-actin antibody was used as a loading control for all fractions. For quantification of protein levels in mitochondrial fraction, blots were evaluated after normalization to loading controls and expressed as mean +/− SD of at least infected Vero cells after indicated treatments. Cells were transfected with pTagRFP-mito, challenged with DENV (MOI of 1) and treated as indicated before being fixed and stained with antibody against DENV antigen. Images were taken with confocal LSM800 at ×63×1.5 magnification. Magnified images of boxed area show mitochondria stained with pTagRFPmito for each condition. Images were converted to black and white using ImageJ. C. Huh7.5 cells were transfected with two independent sets of dsiRNAs against Mfn1 or Mfn2 (set (A), left and set (B), right) and infected with DENV (MOI of 0.1) for 24h. Western blots were probed with NS3 and NS5 antibodies and equal protein loading was assessed using an antibody against β-actin. Blot is representative of at least four independent experiments. D. For quantification of NS3 and NS5 protein levels, blots of four independent experiments were evaluated after normalization to β-actin and expressed as mean +/− SEM. Statistical analysis was performed using unpaired Student-t test. E. DENV titers from collected supernatants of Huh7.5 cells treated with dsiRNAs against Mfn1 or Mfn2 were analyzed using an ELISpot assay. DENV titers were transformed to log (FFU/ml) and displayed as mean +/− SEM. Statistical analysis was performed using paired t-test. Titers are representative of independent experiments (n=3).
Fig. 6. Mitochondrial fission inhibits DENV replication
A. Huh7.5 cells were transfected with dsiRNA against the untranslated region of Drp1. Cells were transfected with plasmids expressing Drp1 wildtype, phosphomimetic mutants of human Drp1 (S616D and S637D), phosphodeficient mutants (S616A and S637A) and dominant negative protein Drp1 K38A and infected with DENV (MOI of 0.1) for 24h. Western blots were probed with antibodies directed against NS3 and NS4b proteins and equal protein loading was assessed using an antibody against β-actin. Blot is representative of at least three independent experiments. B. For quantification of protein levels, blots of three independent experiments were evaluated after normalization to β-actin and expressed as mean +/− SEM. Statistical analysis was performed using unpaired Student-t test. C. DENV titers from collected supernatants of Huh7.5 cells expressing indicated Drp1 proteins Barbier et 
